Background: Tissue ischemia stimulates production of secreted factors that regulate angiogenesis. Results: Neuron-derived neurotrophic factor (NDNF) is up-regulated in endothelial cells in ischemic limbs of mice. NDNF stimulates endothelial cell function and promotes ischemia-induced revascularization through NOS-dependent mechanisms. Conclusion: NDNF functions as a novel modulator that stimulates revascularization processes. Significance: NDNF represents a novel therapeutic target for ischemic vascular diseases. 5 The abbreviations used are: NDNF, neuron-derived neurotrophic factor; AMPK, AMP-activated protein kinase; eNOS, endothelial NOS; L-NAME, N Gnitro-L-arginine methyl ester; Ad, adenovirus; dn, dominant negative; LDBF, laser Doppler blood flow; HUVEC, human umbilical vein endothelial cell; HIF, hypoxia-inducible factor; LD, low dose; HD, high dose.
Strategies to stimulate revascularization are valuable for cardiovascular diseases. Here we identify neuron-derived neurotrophic factor (NDNF)/epidermacan as a secreted molecule that is up-regulated in endothelial cells in ischemic limbs of mice. NDNF was secreted from cultured human endothelial cells, and its secretion was stimulated by hypoxia. NDNF promoted endothelial cell network formation and survival in vitro through activation of Akt/endothelial NOS (eNOS) signaling involving integrin ␣v␤3. Conversely, siRNA-mediated knockdown of NDNF in endothelial cells led to reduction of cellular responses and basal Akt signaling. Intramuscular overexpression of NDNF led to enhanced blood flow recovery and capillary density in ischemic limbs of mice, which was accompanied by enhanced phosphorylation of Akt and eNOS. The stimulatory actions of NDNF on perfusion recovery in ischemic muscles of mice were abolished by eNOS deficiency or NOS inhibition. Furthermore, siRNA-mediated reduction of NDNF in muscles of mice resulted in reduction of perfusion recovery and phosphorylation of Akt and eNOS in response to ischemia. Our data indicate that NDNF acts as an endogenous modulator that promotes endothelial cell function and ischemia-induced revascularization through eNOS-dependent mechanisms. Thus, NDNF can represent a therapeutic target for the manipulation of ischemic vascular disorders.
Cardiovascular disease is a major cause of death worldwide (1) . Obesity-linked metabolic disorders, including type 2 diabetes, contribute to impaired collateralization and vascular insufficiency under ischemic conditions, thereby leading to exacerbation of cardiac dysfunction and tissue injury (2) (3) (4) . It is well established that the enhancement of collateral vessel development can represent a promising therapeutic strategy for cardiovascular diseases.
A number of growth factors and cytokines regulate the recruitment and development of blood vessels in autocrine, paracrine, and endocrine manners. Tissue ischemia or hypoxia can stimulate angiogenesis to restore blood flow to ischemic lesions by regulating various secretory factors, including VEGF family of proteins and angiopoietins (5) (6) (7) . A model of hind limb ischemia is widely used to evaluate angiogenic responses and processes (8 -10) . In this model, limb ischemia leads to enhanced expression of angiogenesis-related genes (11) (12) (13) .
To identify the secreted factors involved in ischemia-induced vessel growth, we performed microarray analyses by comparing gene expression profiles of non-ischemic and ischemic muscle tissues in wild-type C57BL/6J mice subjected to hind limb ischemia. After screening of the differentially regulated genes by bioinformatics analysis, we focused on neuron-derived neurotrophic factor (NDNF) 5 /epidermacan as a potential secretory protein that is up-regulated in ischemic muscle. NDNF is a glycosylated and disulfide-bonded secreted protein with a fibronectin type III domain (14) . NDNF is expressed in mouse brain and spinal cord and promotes migration and neurite growth of mouse hippocampal neurons (14) . However, nothing is known about the functional role of NDNF in vascular responses. Here we investigated whether NDNF modulates the phenotypic changes in cultured endothelial cells and tested whether NDNF affects blood vessel recruitment under conditions of ischemia.
EXPERIMENTAL PROCEDURES
Materials-Mouse CD31 antibody was purchased from BD Biosciences (San Jose, CA). Antibodies of phosphorylated eNOS (Ser-1177), Akt (Ser-473), P42/44 ERK1/2 (Thr-202/ Tyr-204), AMP-activated protein kinase (AMPK) (Thr-172), P42/44 ERK, eNOS, Akt, AMPK, HA, Bcl-2, and tubulin were purchased from Cell Signaling Technology (Beverly, MA). Anti-NDNF antibody was purchased from Abgent (San Diego, CA). Antibody of human von Willebrand factor was purchased from DakoCytomation (Denmark). N G -nitro-L-arginine methyl ester (L-NAME) was purchased from Sigma. YC-1 and cobalt chloride (CoCl 2 ) were purchased from Wako. Dimethylated glycine was purchased from Cayman Chemical. Recombinant human VEGF protein was purchased from Peprotech (Rocky Hill, NJ). The GRGDSP and GRGESP peptides were purchased from AnaSpec (Fremont, CA). Anti-␣v␤3 neutralizing antibody was purchased from Millipore (Billerica, MA). Control mouse IgG was purchased from Santa Cruz Biotechnology.
Microarray Analysis-Total RNA from ischemic and nonischemic adductor muscle of the WT mouse following femoral artery resection was analyzed by Agilent array (SurePrint G3 Mouse Gene Expression 8 ϫ 60K). Among transcripts that are increased in ischemic skeletal muscle, we analyzed amino acid sequences for assessment of the presence of signal sequences by using SignalP software (13, 15, 16) . SOSUI signal beta version software was also used to predict proteins that lack transmembrane domain (13, 15, 16) .
Construction of Adenoviral Vectors-The adenoviral vectors expressing ␤-galactosidase (Ad-␤-gal) or HA-tagged dominant negative mutant Akt (Ad-dn-Akt) were constructed under the control of the CMV promoter (13, 17) . Full-length mouse NDNF cDNA was subcloned into a pShuttle expression vector that encodes as a fusion to FLAG epitope at the C terminus and was transformed into Escherichia coli with the adenoviral backbone plasmid pAdEasy-1. The resultant recombinant pAdEasy-1 was transfected into HEK 293 cells to generate the adenoviral vector expressing NDNF (Ad-NDNF).
Mouse Model of Hind Limb Ischemia-Male wild-type (C57BL/6J) or eNOS knockout (eNOS-KO) (The Jackson Laboratory) mice at the ages of 8 -11 weeks were subjected to unilateral hind limb surgery to remove the left femoral artery and vein under anesthesia (18 -21) . Ad-␤-gal at 4 ϫ 10 7 pfu or Ad-NDNF at 4 ϫ 10 7 pfu or 1 ϫ 10 8 pfu was injected into five different sites of the adductor muscle in the left limb 3 days prior to the surgery, as described previously (18, 22) . Hind limb blood flow was measured by a laser Doppler blood flow analyzer (Moor LDI, Moor Instruments) immediately before surgery and on postoperative days 3, 7, and 14. To avoid data variations caused by ambient light and temperature, hind limb blood flow was expressed as the ratio of left (ischemic) to right (non-ischemic) LDBF. In some experiments, L-NAME, a NOS inhibitor, was added to the drinking water at 1 mg/ml, whereas the animals without L-NAME received plain drinking water (23) .
Capillary density within thigh adductor muscle was analyzed by immunohistochemistry (18, 22) . Muscle samples were embedded in optimum cutting temperature compound (Miles, Elkhart, IN) and snap-frozen in liquid nitrogen. Tissue slices (5-m in thickness) were stained with anti-CD31 antibodies (BD Biosciences). Fifteen randomly chosen microscopic fields from three different sections in each tissue block were examined for the presence of CD31-positive capillary endothelial cells. Capillary density was expressed as the number of CD31positive cells per muscle fiber or per high-power field. Study protocols were approved by the Institutional Animal Care and Use Committee at Nagoya University.
Mouse Adductor Muscle Endothelial Cell Isolation-Mouse adductor muscle endothelial cells were isolated from wild-type mice on which a hind limb ischemia operation had been performed. Briefly, the mouse adductor muscles were excised, minced, and digested with 0.1% collagenase in phosphate-buffered saline for 30 min. Endothelial cells were isolated by immunoselection with CD31-conjugated (BD Biosciences) magnetic beads (Invitrogen).
Preparation of Recombinant Mouse NDNF Protein-COS-7 cells were transfected with the pShuttle vector expressing fulllength mouse NDNF cDNA tagged with FLAG at the C terminus. The culture supernatants were collected and incubated with anti-FLAG M2 affinity gel (Sigma) for 16 h. NDNF protein was eluted by incubation with 3ϫ FLAG peptide (Sigma) and dialyzed with PBS.
Quantification of mRNA Levels-Gene expression levels were quantified by real-time PCR. Total RNA was extracted from skeletal muscle tissues using an RNeasy fibrous tissue mini kit (Qiagen) and from HUVECs and isolated adductor muscle endothelial cells using an RNeasy mini kit (Qiagen). RNA that had an A 260 :A 280 ratio of 1.8 or greater was used for the reverse transcription reaction. cDNA was produced from 0.5 g of total RNA using a SuperScript III first-strand synthesis system (Invitrogen). 3 ng of cDNA was used for the PCR. PCR was performed with a Bio-Rad real-time PCR detection system using POWER SYBR Green as a double-standard, DNA-specific dye, as described previously (22, 24) . RT-PCR signals were quantitated by the relative standard curve method (25) and normalized to 36B4 as an internal standard by dividing the value of NDNF by that of 36B4 in each sample. Triplicate measurements of each sample were performed.
Primers were 5Ј-TGCCTCCTGTTACCACTCACTTC-3Ј and 5Ј-TTCCTTATCCCGGATCTGCAT-3Ј for mouse NDNF, 5Ј-GCTCCAAGCAGATGCAGCA-3Ј and 5Ј-CCGGATGTGAGG-CAGCAG-3Ј for mouse 36B4, 5Ј-AGCCTTTGACAAGCTCC-GTA-3Ј and 5Ј-TCTGCAGGTTTTGACTGTGG-3Ј for human NDNF, and 5Ј-GAGTGATGTGCAGCTGATCAAGAC-3Ј and 5Ј-GGATGACCAGCCCAAAGGA-3Ј for human 36B4.
Cell Culture-Human umbilical endothelial cells (HUVECs) were cultured in endothelial cell growth medium 2 (Lonza). HUVECs were infected with Ad-NDNF or Ad-␤-gal at a multiplicity of infection of 25 for 24 h before the experiments. HUVECs were also cultured in the presence or absence of recombinant NDNF protein (200 ng/ml) for the indicated lengths of time. In some experiments, HUVECs were treated with Ad-dn-Akt or Ad-␤-gal at a multiplicity of infection of 1 for 24 h (18, 26, 27) . Hypoxic conditions were generated using an AnaeroPack (Mitsubishi GAS Chemical). In some experiments, HUVECs were pretreated with YC-1 (10 M) or vehicle (dimethyl sulfoxide) for 60 min before the induction of hypoxia.
In some experiments, HUVECs were treated with dimethylated glycine (100 M), CoCl 2 (250 M) or vehicle (dimethyl sulfoxide) for the indicated lengths of time. In some experiments, HUVECs were transfected with siRNAs targeting NDNF or unrelated siRNAs at 100 nM (Thermo Scientific, ON-TARGET plus SMARTpool) by using Lipofectamine 2000 reagent (Invitrogen) according to the instructions of the manufacturer. In some experiments, HUVECs were pretreated with GRGDSP or GRGESP peptides (100 M) before stimulation with NDNF protein.
In some experiments, HUVECs were pretreated with anti-integrin ␣v␤3 antibody (20 g/ml) and control IgG (20 g/ml) prior to the addition of NDNF protein.
Assessment of Endothelial Cell Differentiation-The formation of vascular-like structures by HUVECs on growth factorreduced Matrigel (BD Biosciences) was performed as described previously (20, 27) . Differentiation was quantified by measuring the area of the "tube-like" networks that form in three randomly chosen fields from each well. Each experiment was repeated three times. Protein expression was determined by Western blot analysis.
Analysis of Apoptotic Activity-Apoptosis was assayed by a TUNEL staining method with a commercial kit (Roche) (13, 20) . The mean number of apoptotic (TUNEL-positive) cells from three random fields (magnification ϫ40) in each well was calculated. Nucleosome fragmentation was assessed by ELISA using a cell death detection kit (Roche) according to the protocol of the manufacturer. Eight wells were used for one group, and assays were repeated three times.
Matrigel Plug Assay-Matrigel plug assay was also performed as described previously (27) . Briefly, 450 l of Matrigel containing Ad-NDNF (1 ϫ 10 8 pfu) or Ad-␤-gal (1 ϫ 10 8 pfu) was injected subcutaneously into the abdomen of wild-type C57BL/6J mice. Mice were sacrificed on day 14 after the injection. The Matrigel plugs with adjacent subcutaneous tissues were fixed in 4% paraformaldehyde, dehydrated with 30% sucrose, and embedded in optimum cutting temperature compound (Miles, Elkhart, IN) in liquid nitrogen. Infiltration of microvessels was evaluated by immunohistostaining for CD31. CD31-positive capillaries were counted in four randomly chosen, low-power (ϫ100) microscopic fields.
Magnetofection-mediated Silencing of NDNF in Vivo-To evaluate the physiological role of NDNF in revascularization in vivo, siRNAs targeting NDNF or unrelated siRNAs were injected into the left adductor muscle of wild-type mice at the time of hind limb ischemic surgery by using an in vivo PolyMag magnetofection kit (OZ Bioscience). Briefly, 30 g of siRNA was gently mixed with 30 l of in vivo PolyMag reagent. After 20 min of incubation, the complexes were slowly injected into five different sites of the adductor muscle in the left limb. During the procedure, a magnet was placed on the left adductor muscle for 20 min.
Western Blot Analysis-Tissue samples were homogenized in lysis buffer containing 1 mM PMSF (Cell Signaling Technology). Immunoblot analysis was performed with antibodies at a 1:1000 dilution, followed by incubation with a secondary antibody conjugated with horseradish peroxidase at a 1:5000 dilution. An ECL Plus Western blotting detection kit (GE Healthcare) was used.
Statistical Analysis-Data are presented as mean Ϯ S.E. Differences between groups were evaluated by Student's t test or analysis of variance with Fisher's protected least significant difference test. p Ͻ 0.05 denoted the presence of a statistically significant difference.
RESULTS

NDNF Is Up-regulated in Endothelial Cells of Muscles in
Response to Ischemia-We analyzed the gene expression profiles of ischemic adductor muscle of C57BL/6J mice on day 14 after hind limb ischemic surgery compared with those of nonischemic muscle by microarray analysis. Among the differentially regulated genes, we selected predicted secretory proteins by analysis of the presence of signal sequence and the absence of transmembrane domains using SignalP and SOSUI, respectively (13, 15, 16) . On the basis of these screening strategies, we focused on NDNF/epidermacan because muscle ischemia upregulated NDNF transcripts by a factor of 3.0. Consistent with these data, NDNF mRNA levels were increased significantly in ischemic muscle tissue by a factor of 4.6 Ϯ 0.4 compared with those in non-ischemic muscle by quantitative real-time PCR analysis using the relative standard curve method ( Fig. 1A) . NDNF mRNA levels were normalized to 36B4. The protein levels of NDNF were also increased in the ischemic muscle compared with non-ischemic muscle, as assessed by Western blot analysis ( Fig. 1B ). Furthermore, plasma levels of NDNF were increased significantly following ischemic surgery compared with a sham operation, as determined by Western blot analysis (Fig. 1C) .
To dissect the localization of NDNF in muscle tissues, the tissue sections of non-ischemic and ischemic limbs of mice were stained with an antibody against NDNF (red). NDNF protein was detectable in both non-ischemic and ischemic muscles, and the more intense signal of NDNF was observed in ischemic tissues ( Fig. 1D ). Tissue sections were also stained with an antibody against the endothelial cell marker CD31 (green). Dual immunofluorescence staining demonstrated that NDNF was colocalized with endothelial cells (yellow) in the non-ischemic and ischemic limbs. To determine the source of NDNF in muscle tissues in vivo, endothelial cells were isolated from skeletal muscle tissues by treatment with magnet beads conjugated with an antibody against an endothelial cell marker, CD31. The mRNA expression of muscle creatine kinase, which is specifically expressed in myocytes, was detected in skeletal muscle tissues but not in isolated endothelial cells (data not shown). The mRNA levels of NDNF were markedly higher in endothelial cells isolated from muscle tissues than in whole muscle tissues, as quantified by real-time PCR (Fig. 1E ). Moreover, the mRNA levels of NDNF were significantly higher in isolated endothelial cells from ischemic muscles compared with those from non-ischemic muscles. These data suggest that NDNF is mainly expressed in endothelial cells of skeletal muscles and that NDNF expression is enhanced in response to tissue ischemia. NDNF expression is increased in the endothelium of muscle tissue after hind limb ischemic surgery. A, NDNF mRNA levels in non-ischemic and ischemic adductor muscle of WT mice on day 14 after hind limb ischemic surgery (n ϭ 4), as measured by real-time PCR. NDNF mRNA levels were expressed relative to levels of 36B4 mRNA and normalized to non-ischemic muscle controls. B, NDNF protein expression in non-ischemic and ischemic skeletal muscle on day 14 after operation, as determined by Western blot analysis. Bottom panel, quantitative analysis of the NDNF protein levels relative to tubulin as evaluated by the ImageJ program. n ϭ 4 in each group. C, plasma NDNF levels on day 14 after hind limb ischemic or sham (Control) operation, as determined by Western blot analysis. Bottom panel, quantitative analysis of plasma NDNF expression. n ϭ 6 in each group. D, localization of NDNF in non-ischemic and ischemic limbs by immunohistochemical analysis. Tissue sections of non-ischemic and ischemic limbs were stained with an antibody against NDNF (red) and an antibody against CD31 (green), and merged images are shown. Scale bars ϭ 50 m. E, NDNF mRNA levels in whole non-ischemic muscle and endothelial cells isolated from non-ischemic or ischemic muscle tissue. n ϭ 4 in each group. NDNF mRNA levels were expressed relative to levels of 36B4 mRNA and normalized to non-ischemic muscle controls. EC, endothelial cells. F, NDNF is secreted from cultured endothelial cells. HUVECs were cultured under conditions of normoxia (Norm) or hypoxia (Hypo) for 24 h. NDNF protein expression was determined in medium and cell lysates by Western blot analysis. G, NDNF mRNA levels in HUVECs treated with YC-1 (10 M) or vehicle (dimethyl sulfoxide (DMSO)) under normoxic or hypoxic conditions as determined by real-time PCR. NDNF mRNA levels were expressed relative to levels of 36B4 mRNA and normalized to dimethyl sulfoxide controls under normoxic conditions. n ϭ 4 in each group. H, NDNF mRNA levels in HUVECs after treatment with dimethylated glycine (DMOG) (100 M), CoCl 2 (250 M), or vehicle (Veh) for 6 h. NDNF mRNA levels were expressed relative to levels of 36B4 mRNA and normalized to vehicle controls. n ϭ 4 in each group.
To test whether NDNF is produced by cultured endothelial cells, NDNF protein expression was assessed in the cell lysate and media in HUVECs by Western blot analysis. NDNF protein was detected in both the cell lysate and medium of cultured HUVECs (Fig. 1F ). NDNF protein was also detected in medium of cultured microvascular endothelial cells (data not shown). Exposure of HUVECs to 24 h of hypoxia resulted in a marked increase in NDNF protein level in the cell lysate and medium ( Fig. 1F ).
Because hypoxia leads to activation of hypoxia-inducible factor (HIF) (28), we assessed the possible contribution of HIF to hypoxic induction of NDNF in HUVECs. Pretreatment with the HIF inhibitor YC-1 suppressed the stimulatory effects of hypoxia on NDNF mRNA expression in HUVECs, as measured by real-time PCR analysis using the relative standard curve method ( Fig. 1G ). NDNF mRNA levels were normalized to 36B4. In line with these observations, treatment of HUVECs with the HIF-hydroxylase inhibitor dimethylated glycine, which up-regulates HIF, enhanced NDNF mRNA expression ( Fig. 1H) . Another hypoxia-mimicking agent, CoCl 2 , also increased NDNF mRNA expression in HUVECs (Fig. 1H) . These data suggest that NDNF is an endothelial cell-derived secretory factor that is up-regulated in response to ischemia or hypoxia in a HIF-dependent fashion.
NDNF Promotes Endothelial Cell Network Formation and
Survival in Vitro-To examine whether NDNF affects endothelial cell function, HUVECs were transduced with an adenoviral vector expressing NDNF (Ad-NDNF) or Ad-␤-gal as a control and cultured on a Matrigel matrix. Transduction with Ad-NDNF increased NDNF protein levels in both the cell lysate and medium compared with Ad-␤-gal treatment ( Fig. 2A) . Quantitative analysis of network areas revealed that Ad-NDNF treatment significantly promoted HUVEC network formation compared with Ad-␤-gal ( Fig. 2B ). To assess whether NDNF modulates endothelial cell network formation in a paracrine manner, HUVECs were treated with recombinant NDNF protein or vehicle. Treatment with NDNF protein enhanced the network formation of HUVECs (Fig. 2C) . The effect of NDNF on the formation of network structure was comparable with that of VEGF.
To test the effect of NDNF on endothelial apoptosis, HUVECs were transduced with Ad-NDNF or Ad-␤-gal, cultured in serum-deprived medium for 48 h, and stained with TUNEL. Treatment with Ad-NDNF significantly reduced the number of TUNEL-positive cells (Fig. 2D ). Consistent with these findings, Ad-NDNF significantly reduced the extent of nucleosome fragmentation under serum-deprived conditions ( Fig. 2E ). Because Bcl-2 plays an important role in the regula- tion of endothelial cell apoptosis (29, 30) , we measured the protein expression of Bcl-2 in HUVECs after transduction with Ad-NDNF or Ad-␤-gal. Ad-NDNF significantly increased the protein levels of Bcl-2 by a factor of 1.96 Ϯ 0.22 (n ϭ 3 in each group, p Ͻ 0.05) in HUVECs (Fig. 2F) .
NDNF Stimulates the Phosphorylation of Akt and eNOS-Because Akt is a key regulator of endothelial cell function and survival (26, 27, 30, 31) , we tested whether NDNF affects Akt signaling in endothelial cells. Transduction with Ad-NDNF significantly increased the activating phosphorylation of Akt at Ser-473, as evaluated by Western blot analysis (Fig. 3A) . Because eNOS functions downstream of Akt in endothelial cells (31) (32) (33) , the phosphorylation status of eNOS at Ser-1177 was assessed by Western blot analysis. Treatment of HUVECs with Ad-NDNF also significantly enhanced eNOS phosphorylation (Fig. 3A) . In contrast, Ad-NDNF had no effects on the phosphorylation levels of AMPK at Thr-172 and ERK at Thr-202/Tyr-204 in HUVECs (Fig. 3A) . Furthermore, treatment of HUVECs with NDNF protein led to an increase in phosphorylation of Akt and eNOS (Fig. 3B) .
To examine the role of Akt in the regulation of NDNF-induced eNOS phosphorylation, HUVECs were infected with an adenoviral vector producing dominant negative mutant forms of Akt tagged with HA (Ad-dn-Akt) or Ad-␤-gal. Transduction of HUVECs with Ad-dn-Akt significantly abolished NDNF-induced eNOS phosphorylation (Fig. 3C) . Transduction with Addn-Akt also significantly abolished NDNF-stimulated expression of Bcl-2 in HUVECs (Fig. 3C) . These data indicate that NDNF promotes eNOS activation and Bcl-2 induction via activation of Akt.
Akt Is Required for the Endothelial Cell Response to NDNF-To investigate whether Akt is involved in NDNF-induced endothelial cell function and viability, HUVECs were transduced with Ad-dn-Akt or Ad-␤-gal, and endothelial cell responses were assessed. Transduction with Ad-dn-Akt abolished NDNF-stimulated network formation of HUVECs (Fig.  3D ). Ad-dn-Akt treatment also restored the suppressive actions of NDNF on the frequency of TUNEL-positive cells (Fig. 3E) . These observations indicate that the actions of NDNF on endothelial cell behavior are mediated partly through its ability to activate Akt.
Role of Integrin in NDNF-stimulated Endothelial Cell Function-NDNF has the fibronectin type III domains, and this allowed us to speculate that NDNF modulates integrin-dependent signals. To further elucidate the upstream mechanism underlying NDNF-stimulated Akt activation and endothelial cell function, HUVECs were treated with integrin-blocking RGDbased peptides (GRGDSP) or control peptides (GRGESP). Pretreatment with GRGDSP peptides blocked the stimulatory actions of NDNF protein on the phosphorylation of Akt and eNOS compared with GRGESP peptides (Fig. 4, A and B) . GRGDSP peptides also reversed the NDNF-enhanced network formation of HUVECs (Fig. 4C ). In accordance with these findings, pretreatment with a neutralizing antibody against integrin ␣v␤3 suppressed NDNF-induced increase in Akt and eNOS phosphorylation and network formation of HUVECs compared with control antibody (Fig. 4, D-F) .
Role of Endogenous NDNF in Endothelial Cell Behavior in Vitro-To test whether endogenous NDNF affects endothelial cell behavior, HUVECs were treated with siRNAs against NDNF or unrelated siRNAs. Treatment of HUVECs with siRNAs for NDNF reduced NDNF protein levels by a factor of 0.39 Ϯ 0.05 (n ϭ 3 in each group, p Ͻ 0.05) in cell lysate and by a factor of 0.52 Ϯ 0.01 (n ϭ 3 in each group, p Ͻ 0.05) in culture medium (Fig. 5A ). On the other hand, knockdown of NDNF did not affect the protein levels of von Willebrand factor in cell lysate and culture medium. Knockdown of NDNF significantly attenuated the formation of network structures (Fig. 5B) . Deletion of NDNF also enhanced the frequency of TUNEL-positive cells in response to serum starvation under conditions of normoxia for 48 h or hypoxia for 24 h (Fig. 5C ). Moreover, knockdown of NDNF led to reduction of the basal phosphorylation of Akt by a factor of 0.26 Ϯ 0.02 (n ϭ 3 in each group, p Ͻ 0.05), eNOS by a factor of 0.32 Ϯ 0.08 (n ϭ 3 in each group, p Ͻ 0.05), and Bcl-2 by a factor of 0.12 Ϯ 0.04 (n ϭ 3 in each group, p Ͻ 0.01) in HUVECs (Fig. 5D ). Reduction of HUVEC network formation caused by NDNF deletion was restored significantly by treatment with NDNF protein (Fig. 5E ).
Overexpression of NDNF Accelerates Ischemia-induced Revascularization in Vivo-To evaluate the effects of NDNF on revascularization in vivo, C57BL/6J mice were treated intramuscularly with Ad-NDNF (low dose (LD), 4 ϫ 10 7 pfu/mouse and high dose (HD), 1 ϫ 10 8 pfu/mouse) or Ad-␤-gal (LD, 4 ϫ 10 7 pfu/mouse and HD, 1 ϫ 10 8 pfu/mouse), followed by subjection to hind limb ischemia. Intramuscular injection of Ad-NDNF dose-dependently increased NDNF mRNA expression in ischemic skeletal muscles compared with Ad-␤-gal treatment, as assessed by quantitative real-time PCR analysis using the relative standard curve method (Fig. 6A ). All signals were normalized to 36B4. Ad-NDNF-treated mice (NDNF (LD) and NDNF (HD)) showed increased blood flow recovery in ischemic limbs at day 3, 7, or 14 after operation compared with Ad-␤gal-treated mice (Control (LD) and Control (HD)), as evaluated by laser Doppler blood flow analysis (Fig. 6, B and C) .
To assess the extent of revascularization at a microcirculatory level, capillary density in ischemic skeletal muscles was measured by staining with CD31. The number of CD31-positive cells was significantly higher in Ad-NDNF-treated mice (NDNF (LD) and NDNF (HD)) than in Ad-␤-gal-treated mice (Control (LD) and Control (HD)) ( Fig. 6D) .
To further examine the effects of NDNF on the angiogenic response in vivo, we performed a mouse Matrigel plug assay by injecting Matrigel with Ad-NDNF or Ad-␤-gal as a control. Endothelial cell infiltration into the plug was assessed by immunohistochemical staining with CD31. Quantitative analysis revealed that the plugs containing NDNF had a higher frequency of CD31-positive cells compared with the control (Fig.  6E) .
NDNF Promotes Blood Flow Recovery through an eNOS-dependent Mechanism-To investigate the contribution of eNOS signaling to the NDNF-mediated revascularization process in vivo, the phosphorylation levels of eNOS and Akt in ischemic muscle were evaluated by Western blot analysis. Ad-NDNF treatment enhanced eNOS phosphorylation at Ser-1177 in ischemic adductor muscles in WT mice by a factor of 1.97 Ϯ 0.26 (n ϭ 3 in each group, p Ͻ 0.05) compared with Ad-␤-gal ( Fig. 7A ). Akt phosphorylation in ischemic muscles was also increased by a factor of 1.76 Ϯ 0.17 (n ϭ 3 in each group, p Ͻ 0.05) by Ad-NDNF treatment.
To assess the causal role of eNOS in NDNF-stimulated revascularization in response to ischemia in vivo, we investigated the effect of NDNF on perfusion recovery of ischemic limbs in eNOS-KO mice. Ad-NDNF stimulated the phosphorylation of Akt in ischemic limbs in eNOS-KO mice by a factor of 1.99 Ϯ 0.16 (n ϭ 3 in each group, p Ͻ 0.01), as measured by Western blot analysis (Fig. 7B) . In contrast to WT mice, Ad-NDNF had no effects on the perfusion of ischemic limbs in eNOS-KO mice compared with Ad-␤-gal, as evaluated by laser Doppler blood flow analysis (Fig. 7C ). We also investigated the effect of NDNF on the blood flow of ischemic muscles in WT mice receiving the NOS inhibitor L-NAME. No significant differences in blood flow recovery were observed between Ad-␤-gal-treated and Ad-NDNF-treated WT mice during treatment with L-NAME (Fig. 7D) . These data suggest that the actions of NDNF on ischemia-driven revascularization in vivo are attributed to eNOS activation.
Role of Endogenous NDNF in Ischemia-induced Revascularization in Vivo-To examine whether endogenous NDNF modulates the revascularization processes under conditions of ischemia in vivo, we injected siRNAs attached to magnetic nanoparticles into adductor muscles of WT mice subjected to hind limb ischemia. Intramuscular delivery of siRNAs targeting NDNF led to a 60% reduction of NDNF protein levels compared with treatment with unrelated siRNAs, which was accompanied by the reduced phosphorylation of Akt and eNOS in ischemic limbs (Fig. 8A) . Furthermore, knockdown of NDNF A and B) . B, phosphorylation levels of eNOS and Akt were expressed relative to tubulin levels and normalized to controls. n ϭ 3 in each group. C, Matrigel assays were performed. n ϭ 4 in each group. D-F, effect of anti-integrin ␣v␤3 antibody on the NDNF-induced increase in phosphorylation of eNOS and Akt (D and E) and network formation (F) of HUVECs. HUVECs were pretreated with anti-integrin ␣v␤3 antibody (20 g/ml) and control IgG (20 g/ml), and treated with recombinant NDNF protein (200 ng/ml) or vehicle. Levels of P-eNOS and P-Akt were determined by Western blot analysis. E, phosphorylation levels of eNOS and Akt were expressed relative to tubulin levels and normalized to controls. n ϭ 3 in each group. F, Matrigel assays were performed. n ϭ 4 in each group.
resulted in impaired flow recovery in ischemic muscle of WT mice at days 7 and 14 after hind limb ischemic surgery, as assessed by laser Doppler blood flow analysis (Fig. 8B ).
DISCUSSION
In this study, we found, for the first time, that NDNF functions to promote endothelial cell function and enhance blood vessel recruitment. NDNF was up-regulated in the endothelium of ischemic muscle and that its secretion was enhanced in hypoxic endothelial cells. Treatment of endothelial cells with NDNF led to an increase in network formation and survival in vitro. Conversely, ablation of NDNF resulted in a reduction of endothelial cell network formation and viability. Intramuscular overexpression of NDNF enhanced perfusion recovery and capillary formation in a mouse model of hind limb ischemia. The proangiogenic activity of NDNF was also documented in the mouse Matrigel plug assay. Furthermore, deletion of NDNF in skeletal muscle led to impaired flow recovery in ischemic limbs of mice. Therefore, multiple lines of evidence suggest that NDNF serves as an ischemia-inducible hormonal factor secreted mainly from endothelial cells that can modulate vascular responses. eNOS plays a crucial role in the maintenance of vascular homeostasis (32) (33) (34) . Our data showed that adenovirus-mediated overexpression of NDNF enhances eNOS phosphorylation in ischemic muscle tissues and cultured endothelial cells. In contrast, siRNA-mediated ablation of NDNF contributed to reduced phosphorylation of eNOS in ischemic limbs and endothelial cells. Furthermore, NDNF-induced enhancement of blood flow in ischemic muscle was abolished under conditions of eNOS deficiency or NOS inhibition in vivo. Thus, NDNF can act as a positive regulator of eNOS activity in endothelial cells, and it can promote revascularization in response to ischemia via an eNOS-dependent mechanism.
It is well established that Akt activation leads to stimulation of endothelial cell function and neovascularization (30, 31, 35) . In this study, NDNF treatment promoted the activating phosphorylation of Akt in ischemic muscle and endothelial cells. Inhibition of Akt activation blocked the NDNF-induced increase in endothelial cell network formation and survival. Therefore, Akt signaling is essential for the vascular effects of NDNF. Furthermore, blockade of Akt activity abrogated NDNF-induced phosphorylation of eNOS in endothelial cells. Collectively, these data suggest that the NDNF-Akt-eNOS signaling axis plays a pivotal role in regulating endothelial cell response and blood vessel growth during ischemia.
Integrin ␣v␤3 binds and recognizes both RGD-containing and non-RGD-containing ligands (36, 37) . NDNF contains the fibronectin type III domain but not the RGD motif, which is typically present in ␣v␤3 ligands such as fibronectin. Several ␣v␤3 ligands, including platelet endothelial cell adhesion molecule, MMP-2, and Cyr61, have no RGD sequence, and the interaction of these proteins with integrin ␣v␤3 is inhibited by the RGD peptides (38 -40) . In line with these observations, an RGD-containing peptide and an anti-integrin ␣v␤3 functionblocking antibody effectively blocked the effects of NDNF on endothelial cell phenotypic changes and signal transduction pathways. Thus, NDNF can modulate the endothelial cell . Contribution of endogenous NDNF to revascularization in response to ischemia in vivo. WT mice were treated intramuscularly with magnetic nanoparticle-attached siRNAs targeting NDNF or control siRNAs, followed by subjection to hind limb ischemia. A, NDNF expression and phosphorylation of eNOS (P-eNOS) and Akt (P-Akt) in the ischemic limb after transfection with siRNAs targeting NDNF (siNDNF) or unrelated siRNAs (siControl). B, blood flow recovery in ischemic muscle following intramuscular delivery of siRNAs targeting NDNF or unrelated siRNAs. Quantitative analysis of the ischemic/non-ischemic LDBF ratio in WT mice treated with siRNAs against NDNF or unrelated siRNAs is shown. n ϭ 6 in each group. *, p Ͻ 0.05 versus control; **, p Ͻ 0.01 versus control. response, at least in part, through integrin ␣v␤3-dependent mechanisms.
Endothelial cell apoptosis is a key feature in various vascular disorders, including atherosclerosis (41) . Our data showed that adenovirus-mediated overexpression of NDNF can protect endothelial cells from apoptosis under conditions of serum starvation. Knockdown of NDNF exacerbated endothelial cell apoptosis in response to serum starvation under normoxic or hypoxic conditions. Given that NDNF was up-regulated in ischemic endothelium or hypoxic endothelial cells, NDNF can serve as a positive feedback loop to prevent endothelial cell apoptosis, or it can function to reduce the apoptosis of nearby endothelial cells. Out data also indicated that the stimulatory effects of NDNF on survival and Bcl-2 expression of endothelial cells were dependent, at least in part, on its ability to activate Akt signaling. Furthermore, NDNF knockdown resulted in attenuation of Bcl-2 expression and Akt phosphorylation. Because the Akt-Bcl-2 regulatory axis participates in cellular survival (29, 30) , the protective actions of NDNF on endothelial cell death may result from the induction of this prosurvival signaling pathway. Taken together, it is conceivable that NDNF functions as an endogenous modulator that confers resistance to endothelial cell death under pathological conditions, thereby contributing to the vascular protection.
NDNF has been identified as a neurotrophic factor that can modulate neurite growth (14) . Several neurotrophic factors have been reported to stimulate angiogenic responses in vascular endothelial cells (42) (43) (44) (45) . For example, brain-derived neurotrophic factor induces the survival and migration of endothelial cells and stimulates angiogenesis (42, 43) . Similarly, nerve growth factor promotes the proliferation of endothelial cells and stimulates angiogenesis in vivo (44, 45) . Furthermore, secretoneurin is a neuropeptide that promotes the angiogenic signaling pathways, including Akt, and stimulates the proliferation and network formation of endothelial cells in vitro (46) . Secretoneurin has also been reported to stimulate the revascularization responses in a mouse model of hind limb ischemia by a nitric oxide-dependent mechanism (47) . Similar to these neuron-derived factors or neuropeptides, NDNF exerts prosurvival and proangiogenic properties in vitro and in vivo.
A number of proangiogenic growth factors, including VEGF, are up-regulated in ischemic muscle (6, (11) (12) (13) . Hypoxic conditions increase the expressions of VEGF via activation of HIF (28) . In this study, limb ischemia led to up-regulation of NDNF, and hypoxia enhanced the expression of NDNF in cultured endothelial cells via HIF-dependent mechanisms. Thus, tissue ischemia can stimulate angiogenic responses and maintain blood flow through modulation of HIF-inducible angiogenic factors, including VEGF and NDNF. It has been shown that VEGF enhances revascularization in response to tissue ischemia via activation of Akt-eNOS-dependent signaling in endothelial cells (32, 48, 49) . Our pilot data showed that overexpression of NDNF had no effect on the expression levels of VEGF in ischemic muscle tissue (data not shown). Thus, it is likely that the effects of NDNF on revascularization are mediated through its ability to directly activate angiogenic signaling within endothelial cells.
In conclusion, this study is the first demonstration that NDNF is endothelium-derived secreted factor that plays an important role in the process of revascularization in vitro and in vivo. Our data suggest that NDNF could be a potentially useful therapeutic target for treatment of ischemic cardiovascular disease.
